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ABSTRACT 


The  effect  of  nitroglycerin  on  the  mechanical  work 
of  the  left  ventricle  has  been  extensively  studied.  However,  it  has 
been  shown  that  the  tension  of  the  myocardium  and  the  velocity  of 
myocardial  contraction  are  the  major  determinants  of  myocardial 
oxygen  consumption,  whereas  only  20%  of  total  energy  expenditure 
is  utilized  for  mechanical  work. 

Myocardial  tension  in  accordance  with  Laplace's  law, 
was  calculated  as  circumferential  myocardial  tension  (P if  r^)  and 
total  myocardial  tension  (3/2PV).  Since  the  product  of  pressure  and 
volume  equals  work,  the  total  tension  was  expressed  as  internal 
work  indicating  that  this  work  represents  the  stress  of  the  total 
myocardium  used  to  maintain  intraventricular  pressure.  The  veloc¬ 
ity  of  myocardial  shortening  was  calculated  from  the  equation 

2Tf (Red  -  Res)  where  Red  =  radius  of  the  left  ventricle  in  diastole, 
sep 

Res  =  radius  of  the  left  ventricle  in  systole,  and  sep  is  the  systolic 
ejection  period  per  beat. 

Left  ventricular  volumes,  pressures,  and  cardiac 
output  were  estimated  in  a  resting  supine  position  before  and 
during  an  eight  minute  period  after  the  administration  of  0.  6  mg 
nitroglycerin  sublingually  in  nine  patients  with  proven  coronary 
heart  disease.  The  volumes  were  estimated  using  a  constant 
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infusion  of  indocyanine  green  into  the  left  ventricle  with  sampling 
of  blood  from  the  root  of  the  aorta.  The  left  ventricular  radius  was 
calculated  assuming  that  the  left  ventricle  was  spherical  in  mid¬ 
systole  and  mid-diastole. 

The  results  indicated  that  nitroglycerin  caused  a 
reduction  in  cardiac  output,  stroke  volume,  LVEDV,  LVEDP, 
arterial  pressure  and  left  ventricular  external  work  associated 
with  an  increase  in  heart  rate.  The  systolic  ejection  period  per 
beat  was  decreased  but  the  total  ejection  period  per  minute  was 
unchanged.  The  calculated  myocardial  tension  expressed  either  in 
terms  of  circumferential  myocardial  tension  or  internal  work  index 
was  markedly  reduced  after  nitroglycerin.  Decreased  myocardial 
tension  during  diastole  not  only  reduces  the  myocardial  oxygen 
requirement,  but  also  compensates  for  reduced  arterial  pressure 
to  maintain  an  adequate  coronary  blood  flow.  The  velocity  of  myo¬ 
cardial  fiber  shortening  was  found  to  be  reduced  after  nitroglycerin. 
The  significance  and  the  mechanism  of  this  reduction  are  discussed. 

The  findings  in  this  study  strongly  support  the' 
concept  that  the  effectiveness  of  nitroglycerin  is  due  to  a  decrease 
in  myocardial  oxygen  requirements. 
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INTRODUCTION 


It  is  generally  agreed  that  the  characteristic  oppres¬ 
sive  pain  in  angina  pectoris  arises  from  relative  ischemia  of  the 
myocardium.  Pain  due  to  myocardial  ischemia  occurs  when  the 
oxygen  supply  to  the  heart  is  deficient  relative  to  oxygen  need.  The 
oxygen  consumption  of  the  organ  is  closely  related  to  the  physiologic 

effort  made  during  contraction.  Thus,  oxygen  consumption  depends 

# 

not  only  on  the  energy  involved  in  expelling  blood  but  also  on  the 
isometric  energy  needed  to  raise  the  ventricular  pressure  sufficient¬ 
ly  to  open  the  valves  of  the  outflow  tract.  When  other  factors  remain 
constant,  an  elevation  of  stroke  volume  produces  an  efficient  type 
of  response  because  it  leads  to  an  increase  in  ejection  work  only; 
the  isometric  factor  per  minute  remaining  relatively  constant.  Thus, 
a  rise  in  flow  load  causes  a  subtler  increment  in  myocardial  oxygen 
consumption  than  does  a  comparable  increase  in  cardiac  work  per 
minute,  brought  about  by  elevation  of  either  pressure  or  heart  rate. 
However,  the  net  effects  of  hemodynamic  variables  depend  not  on 
oxygen  need  alone,  but  rather  on  the  balance  between  the  demand 
and  the  supply  of  oxygen.  Since  the  heart  is  always  active,  coronary 
venous  blood  is  normally  much  more  desaturated  than  that  from  other 
areas  of  the  body.  Thus  the  removal  of  more  oxygen  from  each 
unit  of  blood,  which  is  one  of  the  two  adjustments  commonly  utilized 
by  exercising  skeletal  muscle,  is  not  possible  in  the  "resting"  heart. 
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Therefore,  this  organ  has  only  one  effective  means  of  obtaining  the 
additional  oxygen  required  for  greater  work,  and  this  is  by  an 
increase  in  coronary  blood  flow. 

If  viscosity  of  the  blood  and  the  length  of  the  coronary 
arteries  remain  constant,  from  Pois euille 's  Law,  coronary  blood 
flow  is  proportional  to  aortic  pressure  and  to  the  fourth  power  of 
the  coronary  arterial  radius.  Thus  ,  a  slight  change  in  coronary  dia¬ 
meter  will  produce  a  large  change  in  coronary  flow,  provided  other 
factors  remain  unchanged. 

Coronary  dilatation  associated  with  increased  stroke 
volume,  which  normally  compensates  for  the  tachycardia  of  exer¬ 
cise,  is  impaired  when  there  is  fixed  coronary  narrowing.  Thus, 
physical  exertion  or  any  other  condition  which  increases  heart  rate 
tends  to  precipitate  anginal  attacks.  Bradycardia  has  the  opposite 
effect.  The  other  harmful  effect  of  tachycardia  is  a  shortening  of 
diastole  more  than  systole,  thereby  decreasing  the  total  available 
perfusion  time  per  minute  to  the  coronary  arteries.  ^ 

The  most  common  cause  of  myocardial  hypoxia  is 
occlusive  disease  of  coronary  arteries.  This  is  usually  the  result 
of  atheroma  (frequently  complicated  by  blood  clots  ,  calcification, 
ulceration,  and  subintimal  hemorrhage).  The  coronary  atherosclotic 
involvement  is  usually  diffuse  involving  all  major  trunks.  Calcifica- 
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tion  may  convert  the  arteries  into  rigid  pipestem-like  structures 
which  are  quite  resistant  to  transection.  Gross  myocardial  fibrosis 
may  or  may  not  be  present. 

The  first  effect  of  myocardial  hypoxia  is  anginal 
pain.  The  evidence  that  oxygen  deficiency  is  in  some  way  respon¬ 
sible  appears  to  be  overwhelming,  but  the  precise  mechanism  of 
its  action  has  not  been  established.  The  second  effect  of  myocardial 
ischemia  is  often  seen  in  the  E.  C.  G.  --i.  e.  :  S-T  segment  and  T 
wave  changes.  These  changes  are  related  to  alterations  in  ionic 
balance.  A  third  effect  of  myocardial  hypoxia  is  alteration  in  con¬ 
traction.  An  increase  in  pulmonary  wedge  pressure  and  temporary 
left  ventricular  failure  has  been  observed  in  angina  attacks,  pre¬ 
sumably  induced  by  a  decreased  contractility  of  the  ischemic  myo- 
cardium.  Finally,  arrhythmias  such  as  A-V  block  or  ventricular 
fibrillation  may  be  the  cause  of  sudden  death.  The  most  important 
consequence  of  chronic  hypoxia  is  the  development  of  collateral 
circulation  because  of  maximum  dilatation. 

Nitroglycerin  was  first  introduced  to  clinical 
medicine  more  than  100  years  ago;  the  mechanism  of  its  action  in 
relief  of  angina  pectoris  is  still  not  clear.  The  basic  pharmacolog¬ 
ical  action  of  nitroglycerin  is  to  relax  smooth  muscle.  The  relax¬ 
ant  action  is  nonspecific  and  affects  all  smooth  muscle  irrespective 
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of  its  innervation  or  the  nature  of  its  response  to  adrenergic, 
cholinergic  or  other  types  of  agonists.  The  relaxant  action  is  not 
blocked  by  any  known  pharmacological  inhibitors.  The  most 
important  and  prominent  actions  of  nitroglycerin  are  on  vascular 
smooth  muscle.  Studies  of  series  of  vascular  resistances  suggest 
that  the  relaxation  of  all  segments  is  roughly  proportional.  ^  The 
mean  systemic  arterial  pressure  is  usually  decreased.  The  pulse 
pressure  is  reduced  because  the  systolic  pressure  falls  more  than 
diastolic  pressure  which  may  be  unchanged  or  decreased  only 
transiently.  The  low  pulse  pressure  reflects  a  decreased  stroke 
volume  and  tends  to  become  progressively  smaller  when  the  subject 
is  tilted  from  the  horizontal  position.  Central  venous  pressure  is 
decreased  and  may  fall  below  zero  with  tilting  to  the  upright 
position.  ^  Dilatation  of  cutaneous  vessels  is  prominent  after  inhal¬ 
ation  of  amyl  nitrite.  Plethysmogr aphic  measurements  in  laboratory 
animals  indicate  that  nitrite  increases  the  volume  of  many  intra¬ 
abdominal  organs,  reflecting  dilatation  of  small  vessels  in  those 
organs.  ^  The  recent  finding  of  increased  venous  tone  after 
inhalation  of  amyl  nitrite  by  Mason,  et  al.  is  interesting.  ^  Ferrer, 
et  al.  have  studied  the  effects  of  nitroglycerin  on  regional  circulation 
in  cardiac  patients  of  various  types  in  the  supine  position.  The  drug, 
contrary  to  expectations,  produced  an  over-all  vasoconstrictive 
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effect  on  the  splanchnic  circulation  rather  than  vasodilatation. 

There  was  no  evident  pooling  in  this  bed.  There  was  however  vaso¬ 
dilatation  and  pooling  of  blood  in  the  pulmonary  vascular  bed.  ^ 

The  action  of  nitroglycerin  on  coronary  vessels  in 
both  animals  and  in  normal  man  has  been  the  subject  of  extensive 
study.  There  is  no  doubt  that  administration  of  nitrite  preparations 
to  experimental  animals  and  normal  man  will  result  in  increased 
coronary  flow.  ^  However,  this  action  cannot  be  demon¬ 
strated  in  human  patients  suffering  from  angina  pectoris.  ^ 

In  all  these  patients,  nitroglycerin  causes  a  reduction  in  cardiac 
stroke  volume,  arterial  pressure,  peripheral  vascular  resistance, 
ventricular  end-diastolic  pressure  and  pulmonary  arterial  wedge 
pressure  with  a  decreased  myocardial  oxygen  consumption.  ^ 

Thus  far,  it  is  only  possible  to  speculate  that  the  effectiveness  of 
nitroglycerin  is  as  the  result  of  a  reduction  in  the  energy  expenditure 
of  ventricular  muscle. 

The  contribution  of  decreased  venous  return  and 
decreased  ventricular  end-diastolic  volume  to  myocardial  work  and 
oxygen  utilization  has  received  very  little  attention.  Since  myocard¬ 
ial  work  can  be  represented  by  effective  cardiac  work  (stroke 
volume  and  mean  aortic  pressure),  but  it  also  can  be  represented 
by  total  cardiac  work  which  is  dependent  upon  ventricular  geometry, 
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and  is  measured  in  terms  of  the  tension  and  shortening  of  the 
myocardial  fibers.  This  work  can  be  influenced  by  factors  such  as 
the  size  of  the  ventricles  (Laplace  Law),  and  regurgitation  through 
the  cardiac  valves.  ^  A  reduction  in  ventricular  dimension  demon¬ 
strated  by  the  Cineradiogram^  and  the  Slit-kymogram^  occurred 
within  2-6  minutes  after  the  administration  of  nitroglycerin  in  both 
cardiac  and  non-cardiac  patients  and  is  apparently  due  to  the  pooling 
of  blood  within  the  venous  system.  It  seems,  therefore,  reasonable 
to  say  that  the  integral  parts  of  the  mechanism  of  action  of  nitro¬ 
glycerin  in  angina  pectoris  are  a  reduction  in  cardiac  work  with  a 
slightly  decreased  oxygen  consumption.  A  reduction  in  stroke 
volume,  aortic  pressure,  and  wall  tension  are  all  important,  but 
the  most  important  factor  is  decreased  venous  return  as  a  result  of 


venous  pooling. 
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REVIEW  OF  THE  LITERATURE 


Myocardial  Work  and  MVO? : 

Elucidation  of  the  factors  which  determine  myocard¬ 
ial  oxygen  consumption  (MVOg)  has  been  of  great  interest  to  cardio- 

% 

vascular  physiologists  for  many  years.  An  important  step  in  the 

evolution  of  present  concepts  concerning  this  problem  was  taken  by 

22 

Evans  and  Matsuoka,  who  demonstrated  that  MVOg  was  deter¬ 
mined  primarily  by  aortic  blood  pressure  rather  than  stroke 
volume- -findings  which  were  in  accord  with  the  earlier  studies  of 
Rhode.  ^  Other  workers  have  contended  that  the  initial  fiber  length, 

reflecting  the  ventricular  aid-diastolic  volume,  was  of  primary 

24,  25,  26  .  .  .  .  ..  27,  28,  29  . 

importance.  More  recent  investigations  have 

cast  doubt  on  the  latter  concept  and  have  redirected  attention  to  the 

active  tension  developed  by  the  ventricle  as  the  major  determinant 

of  MVOg.  Sarnoff,  et  al.  have  advanced  this  concept  to  include 

the  time  during  which  tension  is  maintained.  In  their  studies  ,  they 

first  confirmed  the  previous  concept  that  an  increase  in  MVOg 

paralleled  elevation  of  aortic  pressure;  and  external  efficiency 

therefore  remained  unchanged.  On  the  other  hand,  increased 

work  by  an  increased  cardiac  output  was  accompanied  by  a  slight 

increase  in  MVOg!  and  a  striking  increase  in  external  myocardial 

efficiency  therefore  occurred.  Since  external  work  is  the 

product  of  aortic  pressure  and  stroke  volume,  the  experiments 
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strongly  suggested  that  MVO^  bears  little  relation  to  the  heart's 

external  work  per  se.  It  was  also  observed  that  a  higher  heart  rate 

at  any  given  work  level  is  accompanied  by  an  increased 

MVO2  and  external  myocardial  efficiency  is  thereby  decreased.  It 

is  apparent  that  aortic  pressure  or  the  development  of  tension  by 

the  heart  is  the  major  influence  in  determining  its  MVO;?.  It  was 

* 

further  observed  that  the  increased  duration  of  systole  within  the 

course  of  any  given  flow  would  equally  increase  myocardial 

oxygen  consumption.  The  product  of  mean  systolic  pressure  and 

the  duration  of  systole  (the  area  under  the  ventricular  systolic 

wave)  or  T.  T.  I.  (tension  time  index)  is  an  index  of  the  total  tension 

developed  by  the  left  ventricular  myocardium.  A  good  correlation 

2Q 

between  T.  T.  I.  and  MVO^  was  clearly  demonstrated. 

It  has  been  shown  that  at  any  given  filling  pressure, 

the  MVO2  can  vary  over  a  substantial  range  and  will  be  a  function 

30 

of  the  T.  T.  I.  It  appears  that  the  heart  MVO^  is  determined  not 

by  the  filling  pressure  prior  to  the  contraction,  but  by  the  events 
occurring  subsequent  to  the  onset  of  contraction  from  any  given 
pressure.  If  marked  changes  in  ventricular  distensibility  do  not 
occur,  then  similar  considerations  apply  to  the  relationship  between 
fiber  length  and  MVO2. 

39 

Rolett,  et  al.  studied  the  pressure-volume 
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correlation  of  left  ventricular  MVO2  in  hypervolemic  dogs.  In 
confirmation  of  previous  work,  they  have  found  a  strong  correlation 
between  P.  T.  M.  (pressure-time  per  minute)  and  MVOg.  A  good 
correlation  was  also  found  between  E.  S.  V.  (end- s ystolic  volume)  or 
E.  S.  V.  2/3  and  MYO^)  but  E.S.  V.  xP.T.M.  is  much  better  as  a 

predictor  of  MVO^  than  either  of  the  two  parameters  alone.  Neither 

I 

S.  V.  nor  C.  O.  was  found  to  be  of  any  importance  in  determining 
energy  expenditure.  Mean  circumferential  shortening  distance 
(C.  S.  D.  )  and  mean  circumferential  fiber  shortening  distance  rate 
(M.  C.  S.  R.  )  were  each  compared  with  P.  T.  M.  as  possible  correl¬ 
ates  of  MVOg.  Neither  of  these  variables  were  found  to  be  signifi¬ 
cant  in  this  regard.  However,  data  from  the  study  of  Sonnenblick 

et  al.  indicated  that  there  was  a  consistent  correlation  between  the 

33 

velocity  of  fiber  length  shortening  and  MVC^-  The  finding  of  no 

consistent  correlation  between  stroke  volume  or  external  work 

of  the  heart  and  MVO^  is  in  agreement  with  previous 

,  ...  24,  25,  26,  27,  29, 

studies. 

YYhen  the  isolated  ventricle  was  allowed  to  shorten 

from  the  same  fiber  length  against  a  range  of  pressures,  a  direct 

2  8 

relation  between  peak  pressure  and  MVO^  was  observed.  How¬ 
ever,  the  relative  oxygen  cost  of  fiber  length  shortening  against 


varying  loads  in  the  intact  ventricle,  when  the  tension  in  the 


' 

■ 


' 

- 


' 

I _ 


. 

- 

> 


' 


. 


10 


myocardial  wall  is  known,  remains  to  be  assessed. 

In  addition  to  tension  and  shortening  of  the  myo¬ 
cardium,  the  level  of  contractile  state  as  reflected  in  the  velocity 
of  contraction  has  been  under  investigation  in  the  intact  heart.  It  had 
been  observed  that  during  the  positive  inotropic  influences  of  catech¬ 
olamine  administration,  adrenergic  nerve  stimulation,  exercise  or 
paired  electrical  stimulation  of  the  heart,  the  pressure  time  per 
minute  (T.  T.  I.  /min.)  was  reduced.  ^1>  32,  33  These  positive 
inotropic  influences  increase  the  maximum  velocity  of  shortening 
(Vmax)  in  the  intact  heart.  ^4  Studies  undertaken  to  measure  the 
effects  on  MYO^  of  a  wide  variety  of  positive  inotropic  agents 
including  calcium,  norepinephrine,  paired  electrical  stimulation, 
digitalis,  and  combinations  of  these  influences  showed  that  despite 
unchanged  arterial  pressures  and  stroke  volumes,  there  was  a 
reduction  in  diastolic  ventricular  pressure  and  hence,  a  fall  in  myo¬ 
cardial  wall  tension.  The  MVO2  consistently  increased  while  these 
positive  inotropic  influences  were  operative  and  the  increase  was 
generally  proportional  to  the  increased  speed  of  myocardial  contrac¬ 
tion.  35,  36  Recent  studies  have  extended  these  observations  to  show 
that  MVO2  also  increases  during  positive  inotropic  influences  when 
the  ventricle  is  empty,  and  presumably  developes  little  tension.  ^7 
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The  concept  of  contractile  element  work,  in  which 
internal  work  (work  done  in  stretching  the  series  elastic  component) 
as  well  as  external  work  is  included,  appears  to  provide  a  more 
complete  description  of  the  mechanical  determinants  of  MVOg  than 

O  O 

the  tension  time  per  minute.  When  the  intrinsic  rate  of  the 

chemical  processes  that  control  contraction  (as  reflected  in  Vrnax) 
is  altered,  a  change  in  MVO^  is  induced;  and  contractile  element 
work  may  therefore  correlate  with  MVOg  only  at  a  given  level  of 

o  / 

contractile  state.  ^  However,  it  is  clear  that  the  increased  extent  of 
shortening  as  well  as  the  accelerated  speed  of  contraction,  accom¬ 
panies  positive  inotropic  influences;  and  this  factor  may  also  contri¬ 
bute  to  increased  energy  utilization.  Further  quantitative  studies  in  the 
intact  heart  will  be  required  before  the  relative  metabolic  costs  of 
myocardial  wall  tension,  fiber  shortening  extent,  and  the  level  of 
contractile  state  with  its  mechanical  correlates  can  be  fully  assessed. 

Myocardial  Efficiency  (Eff.  ): 

In  conventional  terms,  the  efficiency  of  a  muscle 

represents  the  fraction  of  the  energy  used  in  the  contraction 

_/Work  (W)  -f  Heat  (Q )J  that  appears  as  useful  energy  or  work;  thus, 

Eff.  -  W  .  Alternatively,  Eff.  =  _W_  ,  where  e  represents  the 
W~Tq~  e 

total  chemical  energy  expended  in  contraction.  Practically,  it  is 
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impossible  to  conduct  a  study  of  total  heat  production  by  using  the 
intact  heart.  However,  since  all  the  energy  consumed  in  rephosphori- 
lation  in  the  intact  heart  is,  for  practical  purposes,  coupled  to 
oxidative  metabolism,  it  is  possible  to  equate  MV02  with  chemical 

energy  expenditure.  It  is,  therefore,  cardiac  efficiency  that  has 

1 5 

been  calculated  by  Work  . 

MV  Og 

The  term  external  eff.  has  been  used  to  refer  to  the 
ratio  of  external  work  to  MV02  (Ext,  work).  The  term  internal 

mvo2 

efficiency  has  been  applied  to  the  ratio  between  the  total  tension 

29 

developed  by  the  myocardium  and  its  MV02.  External  efficiency 

is  primarily  meaningful  in  terms  of  the  relationship  between  the 

heart  and  the  total  organism,  but  is  relatively  uninformative  about 

the  energetics  of  the  contracting  myocardium.  In  contrast,  the  term 

internal  efficiency  is  designed  to  expose  the  meaningful  relationship 

between  that  aspect  of  the  heart's  contraction  which  requires 

oxygen  (total  developed  tension)  and  the  amount  of  oxygen  consumed. 

In  the  absence  of  any  ready  means  of  measuring  the  actual  total 

tension  developed,  T.  T.  I.  has  been  used  by  Sarnoff ,  et.  al.  as  an 

29 

index  of  the  actual  total  myocardial  fiber  tension. 

Any  discrepancy  between  internal  efficiency  and  the 
internal  efficiency  index  will  revolve  around  the  extent  to  which 
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integrated  ventricular  radius  changes  occur  and  considerations 
involving  Laplace's  Law  therefore  apply;  for  it  is  clear  from  such  con¬ 
siderations  that  the  same  intraventricular  T.  T.  I.  will  require  a  great¬ 
er  myocardial  fiber  tension  in  a  large  heart  than  in  a  small  one.  If  it  is 
assumed  that  the  basic  relationship  is  between  the  total  actual  tension 
developed  by  the  myocardium  rather  than  the  reflection  thereof  in  the 
observed  T.  T.  I.  ,  then  both  the  low  internal  and  external  efficiency  of  the 
greatly  dilated  or  failing  heart  can  logically  be  attributed,  at  least  in 
part,  to  the  interrelationship  between  Laplace's  Law  and  the  dependence 
of  the  heart's  MVOg  on  the  actual  total  tension  developed. 

In  the  studies  of  Rolett,  et  al.  ,  ^9  despite  the  omission 
of  kinetic  energy,  the  values  for  external  efficiency  approach  optimal 
levels.  The  rise  in  external  efficiency  with  hypervolemia  may  be 
entirely  attributed  to  a  basal  oxygen  requirement  which  became  a  small¬ 
er  fraction  of  the  total  oxygen  requirement  as  the  latter  increased.  If, 
indeed,  factors  other  than  external  cardiac  work  play  a  more  fundamen¬ 
tal  role  as  discussed  before,  then  perhaps  an  estimate  of  internal 
efficiency  would  be  more  meaningful  than  the  commonly  used  external 
efficiency. 

H emo dynamic  Changes  in  Angina  Pectoris: 

In  1958,  Muller  and  Rorvic^  demonstrated  a  rise 
in  pulmonary  capillary  pressure  during  angina.  Benchimol  and 
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Dimond  have  observed  elevation  in  the  "a"  wave  of  the  apex  cardio 

42 

gram  in  patients  with  angina  pectoris.  Ross  "  has  also  noted  a  rise 

in  left  ventricular  end- diastolic  pressure  during  angina.  However, 

43 

Cohen,  et  al.  found  that  left  ventricular  pressure  did  not  uniform 

ly  rise  during  anginal  episodes  in  the  group  of  patients  they  studied. 

They  attributed  the  rise  of  left  ventricular  end-diastolic,  pressure  to 

acute  hypertension  of  the  left  ventricle.  During  an  angina  attack, 

the  rise  in  ejection  rate  induced  by  exercise  or  Isoproterenol 

infusion  was  significantly  reduced  when  compared  with  the  response 

of  the  normal  group  or  with  the  group  with  coronary  artery  disease 

without  angina  when  subjected  to  the  same  stress.  The  abnormality 

in  systolic  ejection  rate  is  associated  with  a  deficiency  in  raising 

cardiac  output  and  stroke  volume  during  angina.  A  paradoxical  split 

of  the  second  heart  sound  with  prolongation  of  the  left  ventricular 

ejection  period  during  anginal  attackshas  been  reported  by  Yurchak, 

44 

et  al.  The  failure  to  raise  cardiac  output  and  stroke  volume  in 

angina  patients  may  be  related  to  the  biochemical  defects  seen  in 

these  patients  since  myocardial  excess  lactate  is  almost  invariably 

63  4  3 

present  in  angina.  Parker,  et  al.  ,  studied  twenty-four 

patients  with  coronary  heart  disease  who  presented  a  typical  angina 
syndrome.  Twelve  of  them  had  clinical  and  E.  C.  G.  evidence  of 


myocardial  infarction  which  had  occurred  six  to  twenty-four  months 
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prior  to  study.  The  remaining  12  patients  had  no  evidence  of 
previous  myocardial  infarction,  but  showed  typical  evidence  of 
ischemic  changes  in  the  resting  or  post- exercise  E.  C.  G.  Studies 
were  undertaken  in  the  supine  position.  In  all  24  patients  the  pain  of 
coronary  insufficiency  developed  during  the  first  three  minutes  of 
exercise.  Coronary  angiograms  were  abnormal  in  all  these 
patients.  The  hemodynamic  changes  during  angina  were  compared 
with  the  normal  non-coronary  group.  The  average  resting  left  ven¬ 
tricular  end- diastolic  pressure  was  about  the  same  in  comparison 
with  non-coronary  group,  but  the  exercise  left  ventricular  end- 
diastolic  pressure  was  significantly  increas ed- -twice  as  much  as 
non- coronary  group.  In  most  of  the  patients  with  coronary  heart 
disease,  the  pressure  changes  preceded  the  onset  of  the  exertional 
angina.  The  average  pulmonary  arterial  mean  pressure  of  coron¬ 
ary  group  was  normal  at  rest,  but  during  exercise  it  rose  to  a  level 
significantly  higher  than  in  the  normal  subjects.  The  right  ventric¬ 
ular  end- diastolic  pressure  was  measured  in  nine  of  the  patients 
with  coronary  heart  disease.  At  rest  the  pressure  was  similar  to 
that  in  the  non-coronary  patients,  but  they  had  significantly  higher 
pressures  during  exercise. 

The  Effect  of  Nitroglycerin  in  Experimental  Animals: 


Previous  animal  experiments  have  shown  varying 
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52 


reactions  to  nitroglycerin.  Essex,  et  al.  ,  and  Boyer  and 

53 

Green  have  shown  an  increase  in  coronary  flow,  but  did  not 
measure  cardiac  work  or  oxygen  consumption.  Foltz,  et  al. 


55 


demonstrated  a  12  per  cent  decrease  in  cardiac  oxygen  extraction 
during  the  first  minute  following  0.  .6  mg.  of  nitroglycerin  intra¬ 
venously,  but  did  not  measure  cardiac  work  and  myocardial  oxygen 
consumption.  Smaller  doses  had  no  such  effect  but  did  accelerate 

the  heart  a.nd  cause  a  small  decrease  in  blood  pressure. 

54 

Eckstein,  et  al.  ,  injected  nitroglycerin  directly 

into  a  coronary  artery  in  three  dogs.  They  found  a  25%  increase  in 

flow  in  2  of  the  3  dogs,  and  an  unchanged  oxygen  consumption. 

However,  again  cardiac  work  was- not  measured. 

14 

Bopp,  et  al.  ,  studied  the  intact  dog  under  varying 
anesthetic  agents.  When  nitroglycerin  was  given  as  a  constant  in¬ 
fusion  to  the  point  of  hypotension  (B.P.  falls  below  20%  of  control 
level)  ,  they  could  not  demonstrate  either  coronary  dilatation  or 
decreasedoxygen  extraction.  Nevertheless,  a  decrease  in  cardiac 


efficiency  was  always  seen. 


47 


Honig,  et  al.  ,  studied  the  effect  of  nitroglycerin 


on  hemodynamics  in  anesthetized  spontaneously  breathing  dogs.  A 
consistent  reduction  of  aortic  pressure  with  decreased  peripheral 


resistance  was  found.  The  cardiac  output  increased  10-55%  for  one 
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half  to  three  and  one  half  minutes,  then  fell  10-25%  below  the  con¬ 
trol  level  as  the  diastolic  pressure  recovered.  Left  ventricular 
external  work  increased  as  much  as  25%.  With  this  additional  load, 
myocardial  oxygen  tension  increased  as  expected,  but  when  venous 
return  was  reduced  both  external  work  and  myocardial  oxygen  con¬ 
sumption  fell. 

56 

Derby,  et  al.  ,  in  I960  studied  the  effect  of  myo¬ 
cardial  energy  utilization  elicited  by  nitroglycerin.  In  the  experi¬ 
ment,  they  used  35  open-chest  dogs,  13  of  them  had  their  coronary 
arteries  (anterior  descending  artery)  ligated.  The  effect  of 
nitroglycerin  was  observed  with  and  without  Levarterenol  infusion. 
Since  sympathetic  stimulation  would  play  an  important  pa.rt  in  the 
short  term  of  attacks  of  angina  pectoris,  Levarterenol  infusion 
directly  increased  the  isometric  systolic  tension  developed  by  the 
muscle.  They  observed  that  nitroglycerin  had  no  apparent  direct 
effect  on  this  increase  in  isometric  systolic  tension  either  in  the 
normal  heart  or  in  the  heart  following  partial  coronary  ligation; 
but  nitroglycerin  was  found  to  have  an  indirect  depressant  effect  on 
the  Levarterenol  response.  This  decrease  in  contractility  was 
shown  to  be  secondary  to  a  decrease  in  hemodynamic  work  load 
elicited  by  nitroglycerin.  It  was  suggested  that  the  chief  effect  of 
nitroglycerin  in  the  relief  of  angina  pectoris  is  due  to  the  agent's 
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ability  to  decrease  a  work  load  imposed  on  the  myocardium  by 
sympathetic  stimulation. 

r  7 

Gauz,  et  al.  ,  in  another  study  of  nitroglycerin  in 
dogs,  demonstrated  a  marked  decrease  in  venous  return  and  in 
cardiac  output,  systemic  blood  pressure  and  coronary  flow  with 
unchanged  coronary  resistance.  Both  external  cardiac  work  and 
oxygen  consumption  were  reduced.  The  latter  reduction  was  much 
less  than  the  former. 

Marchetti,  et  al.  ,  ^9  studied  the  effect  of  nitro¬ 
glycerin  with  an  open-chest  dog  preparation,  where  it  is  possible 
to  measure  simultaneously  cardiac  output,  coronary  flow,  and 
systemic  arterial  pressure.  They  showed  that  nitroglycerin,  inject¬ 
ed  either  as  a  single  intravenous  dose  or  by  slow  infusion,  causes 
a  reduction  of  arterial  blood  pressure  and  of  cardiac  work,  and 
increase  of  coronary  flow.  There  was  also  a  reduction  of  oxygen 
consumption  in  the  myocardium  proportional  to  the  reduced  cardiac 
work.  However,  when  the  cardiac  frequency  and  arterial  pressure 
were  kept  constant,  nitroglycerin  did  not  modify  the  oxygen  consump¬ 
tion  of  the  myocardium,  but  increased  the  coronary  flow  markedly. 
Also,  when  nitroglycerin  was  injected  after  increasing  the  coronary 
flow  and  the  oxygen  consumption  of  the  myocardium 
with  norepinephrine,  the  drug  caused  a  definite. 


. 

- 


* 


■ 


- 


. 


' 

19 


reduction  of  the  mean  arterial  pressure  and  oxygen  consumption 
with  no  change  in  coronary  flow.  When  the  arterial  pressure  and 
cardiac  frequency  were  kept  constant,  nitroglycerin  did  not  modify 
the  effects  of  norepinephrine  on  the  myocardial  oxygen  consumption 
rate.  It  was  concluded  that  nitroglycerin  acts  on  the  coronary 
circulation  of  the  dogs  by  lowering  the  arterial  pressure,  and  by 
reducing  myocardial  oxygen  consumption.  The  reduction  of 

myocardial  oxygen  consumption  is  due  primarily  to  a  decrease  in 
cardiac  work.  However,  unlike  other  hypotensive  drugs,  nitro¬ 
glycerin  does  not  reduce  the  coronary  flow  because  it  dilates  the 
coronary  vessels. 

12 

Bernstein,  et  al.  ,  recently  studied  the  effect  of 
nitroglycerin  on  the  systemic  and  coronary  circulation  in  man  and 
dogs.  Myocardial  flow  was  measured  with.  Xenon  133.  In  dogs, 
intravenous  nitroglycerin  caused  a  decrease  in  left  ventricular 
work,  myocardial  blood  flow,  and  myocardial  oxygen  consumption, 
with  no  significant  change  in  coronary  vascular  resistance. 

The  E f f e c t  of  Nitroglycerin  in  Patient s  with  and  without  Angina 
Pectoris : 

In  1867,  Sir  Lander  Brunton  first  reported  the  use 
of  nitrites  in  the  relief  of  hypertensive  crisis  and  "stasis  anginosis". 


At  that  time,  he  attributed  the  remarkable  effect  of  the  drug  to  its 
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action  of  peripheral  vasodilatation  in  lowering  blood  pressure. 
Subsequently,  other  investigators  demonstrated  in  animal  experi¬ 
ments  that  this  dilatation  was  not  confined  to  the  peripheral  vessels, 

but  in  fact  took  place  in  coronary  vessels  as  well. 

17 

Heart  Volume  -  Brandy,  et  al.  ,  x  '  studied  the  effect 
of  nitroglycerin  on  heart  volume  using  slit-kymographic  method. 
Studies  were  undertaken  before  and  6  minutes  after  nitroglycerin  in 
both  the  recumbent  and  standing  position.  The  average  reduction  in 
heart  volume  in  normal  subjects  in  the  recumbent  position  was 
8.  9%,  whereas  the  reduction  in  a  standing  position  was  13%  in 
normal  subjects  and  2%  in  patients  with  angina  pectoris.  They 
suggested  that  the  decreased  heart  volume  was  due  primarily  to  ven¬ 
ous  pooling.  A  reduction  in  arterial  pressure  and  stroke  volume 
was  also  observed. 

William,  et  al.  ,  recently  studied  the  effect  of  nitro¬ 
glycerin  on  ventricular  dimensions  in  intact  unanesthetized  man  in 
supine  position  with  a  cineradiogr aphic  technique  before  and  after 
0.  6  mg.  of  nitroglycerin  sublingually.  In  all  patients  ,  a  reduction 
of  end-diastolic  and  end-systolic  dimensions  was  observed  within 
2  to  3  minutes  after  administration  of  nitroglycerin.  Right 
ventricular  end-diastolic  and  end-systolic  length  decreased  by  an 
average  of  5  and  3.  6  per  cent  of  the  control  value  respectively, 
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while  left  ventricular  end- diastolic  and  end-systolic  dimensions 
declined  an  average  of  6.  2  and  5.  9%  of  the  control  value 
respectively. 

40 

Hemodynamics  -  Muller,  et  al.  ,  studied  the 
effect  of  nitroglycerin  during  angina  pectoris.  Four  patients  were 
observed  at  rest  and  during  exercise  before  and  10-14  minutes 
after  administration  of  0.  5  mg.  of  nitroglycerin.  All  patients  had 
normal  or  nearly  normal  hemodynamics  at  rest.  No  systemic 
changes  were  observed  at  rest  after  nitroglycerin,  except  that  the 
pulmonary  capillary  pressure,  which  had  been  normal,  fell  1-2  mm. 
Hg.  The  peripheral  arterial  pressure  either  remained  unchanged 
or  slightly  decreased.  During  the  exercise  test  before  nitroglycerin 
all  four  patients  developed  abnormal  high  pulmonary  wedge 
pressures  ranging  from  16  to  33  mm.  Hg.  associated  with  angina 
pain.  The  pulmonary  hypertension  as  well  as  the  angina  disappeared 
soon  after  the  exercise  was  stopped.  During  the  same  or  slightly 
increased  exercise  10-14  minutes  after  administration  of  nitro¬ 
glycerin,  the  pulmonary  pressure  remained  within  normal  limits 
in  all  four  patients.  The  arteriovenous  oxygen  contents  were 
remarkably  constant. 

45 

Similar  findings  were  observed  by  Parker,  et  al.  , 
who  studied  24  patients  with  well  documented  coronary 
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heart  disease.  There  was  a  significant  reduction  in  pulmonary 
arterial  pressure  and  left  ventricular  end-diastolic  pressure  after 
nitroglycerin  at  rest  and  during  exercise.  It  was  suggested  that 
the  resultant  decrease  in  myocardial  tension  could  reduce  myo¬ 
cardial  oxygen  needs  to  a  level  that  could  be  supplied  by  an 
impaired  coronary  circulation. 

46 

Johnson,  et  al.  ,  studied  13  patients  with  left 
heart  failure  and  evidence  of  pulmonary  hypertension.  The  causes 
of  heart  disease  varied  from  undetermined  etiology  to  hypertensive 
and  coronary  heart  disease.  All  of  them  had  symptoms  of  angina 
which  could  be  relieved  by  nitroglycerin.  Hemodynamic  studies 
showed  a  prompt  reduction  in  pulmonary  arterial  and  wedge 
pressure  with  a  decrease  in  pulmonary  vascular  resistance,  which 
was  associated  with  complete  disappearance  of  angina.  It  was  then 
suggested  that  this  drug  has  an  important  place  in  the  management 
of  pulmonary  hypertension  and  paroxysmal  dyspnea  associated  with 
failure  of  the  left  ventricle. 

Hoeschen,  et  al.  ,  ^  recently  studied  the  effect  of 
nitroglycerin  on  total  body  oxygen  consumption,  heart  rate,  cardiac 
output,  stroke  volume,  and  blood  pressure  in  ten  normal  subjects 
and  in  22  patients  with  angina  pectoris,  at  rest  and  during  exercise 
in  the  sitting  posture,  before  and  after  administration  of 
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nitroglycerin. 

In  the  absence  of  nitroglycerin,  resting  values  and 
the  hemodynamic  response  to  exercise  were  comparable  in  normals 
and  patients  with  angina  pectoris,  in  spite  of  the  presence  of  anginal 
pain  in  all  the  patients  during  exercise.  Changes  observed  3 
minutes  after  nitroglycerin  was  taken  at  rest  were  again  comparable 
in  normal  subjects  and  patients.  While  cardiac  output,  diastolic 
pressure,  and  pressure  time  per  minute  were  unchanged,  there  was 
a  small  increase  in  heart  rate  and  a  fall  .in  stroke  volume  and  sys¬ 
tolic  pressure. 

In  5  normal  subjects  performing  steady  exercise  for 
12  minutes,  nitroglycerin  caused  a  fall  in  systolic  pressure  which 
was  significant  from  3-9  minutes.  Diastolic  pressure  was 
unchanged.  Cardiac  output  appeared  first  to  fall  but  by  9  minutes 
had  exceeded  control  values.  These  changes  were  small  and  not 
statistically  significant. 

When  exercise  performance  was  studied  before  and 
8-10  minutes  after  nitroglycerin  in  10  normal  subjects  and  in  17 
patients  with  angina  pectoris,  there  was  a  significant  increase  in 
cardiac  output  and  stroke  volume.  There  was  a  small  reduction  in 
systolic  mean  pressure  and  pressure  time  per  minute,  which  was 
significant  only  in  the  normal  subjects.  They  suggested  that  these 
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changes  with  previously  reported  reduction  .in  ventricular  dimen¬ 
sions,  would  indicate  that  the  mechanism  of  relief  of  angina  is  to 
reduce  the  energy  expenditure  of  ventricular  muscles. 


Coronary  and  myocardial  b  1  oo d  flow  versus  myo¬ 


cardial  oxygen  consumption  -  Brachfeld,  et  al.  ,  ^  studied  10  nor¬ 
mal  or  cardiac  subjects  with  minimal  disease  by  observing  coronary 
and  systemic  circulatory  hemodynamics  and  myocardial  gaseous 
metabolism  after  the  administration  of  nitroglycerin.  Myocardial 
oxygen  consumption  was  increased  during  the  administration  of 
nitroglycerin.  This  was  based  on  the  fact  that  coronary  flow 
increased  by  63%  while  oxygen  extraction  remained  unchanged. 

There  was  remarkably  little  change  in  cardiac  work.  Blood  pressure 
fell  slightly  while  output  remained  the  same  or  increased  slightly. 
These  findings  agree  with  Starr's  early  work,-^  but  not  with 
Wegria 's  ^  ^  ballistocardiographic  findings  of  a  marked  increase  in 

cr 

cardiac  output.  Eldridge,  et  al.  ,  u  reported  similar  observations 
on  cardiac  output  and  work.  Gorlin,  et  al.  ,  ^  ^  studied  the  effect  of 
nitroglycerin  on  coronary  circulation  in  patients  with  coronary 
artery  disease  and  patients  with  increased  left  ventricular  work. 
Seventeen  patients  were  studied  of  whom  14  had  angina  pectoris. 
Observations  were  made  of  coronary  blood  flow  and  hemodynamics 


both  before  and  after  administration  of  nitroglycerin. 
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The  studies  demonstrated  a  decrease  in  left  ventricular  work  and 
pulmonary  pressure  as  reported  previously  in  both  groups.  Follow¬ 
ing  nitroglycerin,  coronary  resistance  was  essentially  fixed, 
coronary  flow  and  oxygen  consumption  were  unchanged  or  actually 
decreased,  and  myocardial  efficiency  fell.  These  findings  were 
believed  to  be  related  to  prior  exhaustion  of  the  available  vasodilator 
capacity  of  the  heart,  either  by  intrinsic  coronary  arterial  obstruc¬ 
tion  or  through  hemodynamic  overloading  of  the  left  ventricule.  The 
fixed  flow  concept  was  suggested  as  an  objective  means  of  detecting 
coronary  insufficiency.  Nitrites  probably  relieve  pain  in  some 
manner  other  than  general  coronary  dilatation. 

Eide-Dittmar  Lueb ,  et  al.  ,  ^3  studied  the  effect  of 
nitroglycerin  on  coronary  flow  in  normals  and  patients  with  angina 
pectoris  with  a  coincidence -counting  system  using  rubidium.  The 
effect  of  nitroglycerin  on  the  coronary  flow  of  27  patients  with  and 
18  patients  without  coronary  disease  resulted  in  an  average  increase 
in  coronary  flow  of  24%  during  the  first  period  of  7  minutes  and 
35%  in  the  second  period  of  seven  minutes,  in  normal  individuals. 
Five  of  the  27  normals  for  unknown  reasons  failed  to  increase  coron¬ 
ary  flow.  In  coronary  patients,  only  one  showed  an  increase  in 
coronary  flow.  The  average  drop  of  coronary  flow  in  this  group 
was  13%  in  the  first  7  minutes  and  5%  in  the  second  7  minutes  after 
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administration  of  nitroglycerin. 

1 2 

Bernstein,  et  al.  ,  “  recently  studied  the  effect  of 

nitroglycerin  on  the  systemic  and  coronary  circulation  in  normal 
man  and  patients  with  angina  pectoris,  the  myocardial  blood  flow 
was  measured  with  Xenon  133. 

In  man,  sublingual  nitroglycerin  0.  4  mg.  caused  a 
decrease  in  myocardial  blood  flow,  left  ventricular  work  and  myo¬ 
cardial  oxygen  consumption,  and  no  significant  decrease  in  coron¬ 
ary  vascular  resistance  in  patients  with  or  without  arteriographic- 
ally  proven  coronary  artery  disease.  The  injection  of  doses  of 
0.  1  -  0.  2  mg.  of  nitroglycerin  directly  into  the  coronary  artery  in 
man  caused  an  immediate  increase  in  myocardial  blood  flow  and  a 
decrease  in  coronary  vascular  resistance  in  patients  with  and  with¬ 
out  arterographic  proven  coronary  artery  disease. 

The  failure  to  demonstrate  a  significant  decrease  in 
coronary  vascular  resistance  following  sublingual  administration 
might  have  two  explanations  as  they  suggested.  It  is  possible  that 
due  to  the  time  course  of  absorption  of  nitroglycerin  measurements 
may  not  have  been  made  at  appropriate  times  to  detect  the  relative¬ 
ly  transient  change  in  coronary  vascular  resistance.  Secondly,  it 
is  possible  that  the  demonstrated  decrease,  while  not  statistically 
significant,  may  still  have  been  clinically  effective. 
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The  suggestion  is  that  the  effect  of  nitroglycerin  in 
the  relief  of  angina  pectoris  is  first:  a  decrease  in  coronary  vas¬ 
cular  resistance  due  to  its  effect  on  the  coronary  circulation,  and 
second:  a  decrease  in  cardiac  work  due  to  its  effect  on  the  systemic 
circulation. 

Effect  of  nitroglycerin  on  venous  tone_  -  Mason,  et 
al.  ,  ^  studied  the  effect  of  nitrites  on  peripheral  venous  tone.  After 
inhalation  of  amyl  nitrite,  the  venous  tone  of  forearm  increased 
while  the  arterial  resistance  decreased  in  association  with  an 
increase  in  cardiac  output  in  normal  individuals.  Nitroglycerin 
(0.  6  mg.  )  caused  a  reduction  of  both  venous  tone  and  arterial 
r  es  istance. 

7 

Ferrer,  et  al.  ,  recently  studied  the  effects  of 
nitroglycerin  upon  the  splanchnic,  pulmonary,  and  systemic  circul¬ 
ation.  Seventeen  of  the  18  subjects  that  were  studied  had  heart 
disease  of  varying  etiology.  The  drug,  contrary  to  expectations, 
produced  vasoconstrictive  effect  on  the  splanchnic  circulation  rather 
than  vasodilatation.  In  contrast,  there  was  vasodilatation  and 


venous  pooling  in  the  pulmonary  vascular  bed  in  the  supine  position. 
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STATEMENT  OF  PROBLEM 


Princi pal  Problem : 

It  has  been  shown  that  nitroglycerin  reduces  myo¬ 
cardial  oxygen  consumption  in  both  experimental  animals  and  normal 

man,14,  ’  ^9  as  well  as  in  patients  with  angina  pectoris. 

45 

The  slight  to  moderate  reduction  in  arterial  pressure  and  cardiac 
output  in  normal  individuals  and  patients  with  angina  pectoris  ^  ^  > 

14,  17,  40,  45,  60  indicates  that  reduction  in  external  myocardial 
work  is  partially  responsible  for  the  reduction  of  myocardial  oxygen 
consumption.  However,  myocardial  oxygen  consumption  largely 
depends  on  myocardial  fiber  length  shortening  rate 33  and  on  myo¬ 
cardial  tension  which  in  turn  depends  on  the  end-diastolic  and  end- 
systolic  volume  of  the  ventricles.  ^  (  >  2,8,  29,  39  Since  cineradio- 
graphic  and  kymographic  studies  have  shown  a  reduction  in  heart 
size  following  the  administration  of  nitroglycerin,  it  appears  that 
this  drug  does  reduce  the  end- diastolic  and  end- systolic  volumes 
of  the  ventricles.  The  reduction  in  ventricular  volumes  which  in 
turn  reduces  myocardial  oxygen  consumption  may  be  the  major 
factor  responsible  for  the  relief  of  angina  pectoris. 

To  date,  the  effect  of  nitroglycerin  on  myocardial 
fiber  length  shortening  rate  has  not  been  studied.  This  effect 
constitutes  one  of  the  problems  to  be  investigated. 
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Secondly,  although  nitroglycerin  has  been  shown  to 
reduce  the  heart  size,  it  is  not  known  if  the  ventricular  volumes  are 
significantly  affected  by  this  drug.  This  investigation  attempts  to 
show  that  nitroglycerin  may  cause  a  marked  reduction  in  ventricular 
volumes  and  myocardial  tension  due  to  peripheral  venous  pooling. 

In  order  to  test  this  hypothesis  ,  the  following  invest¬ 
igations  before  and  after  use  of  nitroglycerin  were  planned: 

1.  )  Measurement  of  left  ventricular  end- 

diastolic  volume  and  end- systolic 
volume  in  the  supine  position. 

2.  )  Assessment  of  the  circumferential  and 

total  myocardial  tension  index.  (IWI) 

3.  )  Assessment  of  the  mean  circumferential 

fiber  length  shortening  rate.  (M.C.S.R.  ) 

S  u  b  s  idiar  yP  r  oblem: 

Calculation  of  changes  in  the  following  indices  brought 
about  by  nitroglycerin. 

1.  )  External  cardiac  work. 

2.  )  Left  ventricular,  aortic,  and  LVED  pressures. 

3.  )  Cardiac  output,  stroke  volume,  and  heart  rate. 

4.  )  Systolic  ejection  period  per  beat,  (sep) 

All  these  hemodynamic  parameters  were  measured  in  patients  with 
known  coronary  heart  disease  before  and  after  the  administration  of 


nitroglycerin  in  a  supine  position. 
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METHODS  AND  PROCEDURES 


Materials : 

Subjects : 

All  subjects  selected  for  this  study  were  in-patients 
at  the  University  of  Alberta  Hospital.  Nine  patients  met  the  follow¬ 
ing  criteria: 

a)  A  history  of  typical  angina,  either  at  rest 
or  during  exercise,  without  obvious  valvular 
lesions.  The  symptoms  could  be  relieved  by 
nitroglycerin. 

b)  Evidence  of  E.  C.  G.  changes  consisting  of 
S-T  segment  depression  of  more  than  one 
mm.,  either  at  rest  or  during  exercise,  and 
T  wave  inversion. 

c)  Coronary  angiographic  evidence  of  coronary 
arterial  disease  involving  at  least  one  main 
trunk  of  the  coronary  arteries. 

T e st  A ppar atus  - 

1.  )  Equipment  routinely  used  for  cardiac  catheterization. 

2.  )  An  Electronics  for  Medicine  multiple  -  channel  recorder. 

(pressure,  dye  curves,  and  E.  C.  G.  monitor  channels) 


30 


- 


' 


» 


31 


3.  )  A  teflon  catheter  0.  034  inches  in  diameter,  80  cm.  in  length. 

4.  )  Two  number  6  Lehman  catheters,  80  and  100  cms.  in  length. 

5.  )  Equipment  used  for  obtaining  dye  curves- -including: 

a)  Freshly  mixed  Cardio-green  dye  solution  with  a  concen¬ 
tration  of  5  mg /ml. 

b)  Two  Harvard  constant  infusion- withdrawal  pumps. 

c)  One  Gilford  Densitometer. 

d)  One  Cuvette. 

e)  A  sterile  apparatus  assembled  from  20  and  30  ml.  Lurlock 
syringes,  50  ml.  flasks,  and  two  Teflon  catheters,  0.  034 
inches  in  diameter. 

6.  )  Fresh  0.  6  mg.  Nitroglycerin  tablets. 

Pr  pee  dure : 

The  procedure  to  which  the  patients  were  submitted 
was  explained  to  them  before  it  was  carried  out.  All  patients  were 
studied  in  a  fasting  state  and  premedicated  with  50  mg.  of  Demoral 
subcutaneously.  A  test  dose  of  0.  6  mg.  of  nitroglycerin  was  given 
the  day  before  cardiac  catheterization. 

Hemodynamic  Study  - 

1.  )  E.  C.  G.  leads  were  connected. 

2.  )  All  catheters  were  properly  placed  and  connected. 
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3.  )  Baseline  pressures  of  LV,  aorta,  pressure  curve,  heart  rate, 

and  E.  C.  G.  were  recorded. 

4.  )  Cardiac  output  was  determined  by  means  of  dye  curves 

obtained  from  constant  infusion  and  single  bolus  injections. 

5.  )  Left  ventricular  end- diastolic  and  end-systolic  volumes  were 

measured  by  the  constant  infusion  technique,  and  repeated  when 
neces  sary. 

6.  )  Nitroglycerin,  0.  6  mg.  ,  was  administered  sublingually.  As 

soon  as  the  drug  dissolved,  a  series  of  pressure,  heart  rate, 
and  ventricular  volumes  were  recorded  in  the  following  8 
minute  period.  Left  ventricular  volumes  (EDV  and  ESV)  were 
measured  at  2,  4,  6  and  8  minutes.  Aortic  pressure  and  left 
ventricular  pressure  curves  were  recorded  at  1 ,  3,  5  and  7 
minutes  after  the  administration  of  nitroglycerin. 

Met  ho  dology: 

Information  obtained  prior  to  the  study  included  a 
complete  history  and  physical  examination,  routine  urine  and  blood 
work,  a  chest  film,  blood  volume,  resting  E.  C.  G.  and  E.  C.  G. 
changes  during  submaximal  exercise. 

Cardiac  catheterization  -  Cardiac  catheterization 


was  performed  in  the  usual  fashion.  A  0.  034  inch  Teflon  catheter 
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was  inserted  per  cutaneously  into  the  left  Brachial  artery.  The  tip 
of  the  catheter  was  positioned  at  the  root  of  the  aorta  under  fluoro¬ 
scopy.  A  #6  Lehman  80  cms.  ,  thin  wall  catheter  was  inserted 
from  the  right  Basilic  vein  to  the  right  atrium.  A  similar  catheter 
was  inserted  into  the  left  ventricle  through  the  right  Brachial  artery. 

P  res  sure  s  -  Pressures  were  measured  in  the  LV  and 
aorta  by  means  of  a  P23Db  pre s sure  transduce r,  and  recorded  directly 
on  an  Electronics  for  Medicine  multiple  channel  recorder.  Heart 
rate  and  E.  C.  G.  were  monitored  by  Oscilloscope  and  recorded  by  an 
E.  for  M.  recorder. 

Ventricular  Volumes  -  Left  ventricular  end-diastolic 
and  end- systolic  volumes  were  measured  by  the  constant  infusion 
technique  with  card.io-green  as  the  indicator.  The  dye  was  infused 
constantly  at  a  rate  of  5.  82  ml.  /min,  into  the  left  ventricule;  the 
blood  was  sampled  from  the  root  of  the  aorta  at  a  withdrawal  rate  of 
24.  7  ml.  /min.  A  dye  curve  was  then  recorded  by  the  Electronics 
for  Medicine  recorder,  until  the  dye  curve  reached  its  plateau. 

Cardiac  output  -  Cardiac  output  was  obtained  either 
from  the  single  bolus  or  by  a  constant  infusion  dye  curve. 

Myocardial  Tension  Time  Index  -  Myocardial  tension 
was  calculated  from  the  left  ventricular  volumes  and  left  ventricular 


pres  sures. 
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Term inolog y  and  C alculations : 

Ventricular  end-diastolic  volume  -  The  volume  of 
either  the  right  or  the  left  ventricle  at  the  end  of  diastole  is  cal¬ 
culated  in  terms  of  ml.  per  of  B.  S.  A.  The  normal  average 
value  of  right  ventricular  end- diastolic  volume  studied  by  Rapaport, 
et  al.  ,  103  ml.  per  Mg  of  B.  S.  A.  and  79  ml.  per  Mg  by 

Freis.  ^  Obviously,  the  deviations  are  due  to  the  technique  used, 
rather  than  individual  variations.  The  range  of  left  ventricular 
end-diastolic  volume  reported  by  Bristow,  et  al.  ,  ^  was  77-124 
ml.  per  Mg. 

The  single  bolus  injection  method,  although  widely 
used,  has  been  subject  to  criticism  for  many  years.  The  principle 
inadequacy  of  the  .indicator  -  dilution  method  for  measurement  of 
ventricular  volume  is  its  failure  to  account  for  the  mixing  of  blood 
in  the  ventricle.  In  support  of  this  view,  Iresawa^  used  two 
electric  conductivity  cells  placed  in  different  sites  within  the  ven¬ 
tricle  and  simultaneously  measured  the  concentration  of  the  indicator, 
with  different  concentration  waves  found  in  the  first  and  second  beats 
following  .injection.  Excluding  the  first  few  unpredictable  beats,  it 
was  found  that  over  7  5%  of  the  remaining  records  were  similar. 

The  classic  curve  of  the  single  injection  method  is  a 


step  function  curve. 
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Figure  A 

The  above  is  a  step  function  curve  of  T-1824  (Evans  Blue)  obtained 
after  a  single  injection  of  T-1824  into  the  left  ventricle  with  dis¬ 
continuous  blood  samples  collected  from  the  aorta. 

The  assumptions  of  the  method  are: 

1.  )  Indicator  injected  into  the  chamber  mixed  completely  and 

instantaneously  during  the  diastolic  phase. 

2.  )  The  diastolic  volume  remains  constant. 

3.  )  Regurgitation  in  neither  the  inflow  nor  outflow  tract. 

4.  )  Indicator  concentration  of  the  fluid  in  the  chamber  may  be 

measured  accurately  outside  the  outflow  valve. 

5.  )  All  indicator  is  eventually  emptied  from  the  chamber.  Thus, 

a  step  function  curve  will  be  obtained. 
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Q- -amount  of  indicator  injected 


S  ]_  - -first  stroke  in  ml.  C  i~ -average  concentration  of  indicator 

in  S  i 

Sg--2nd  stroke  in  ml.  C2-- average  concentration  of  indicator 

in  S2 

Sn--nth  stroke  in  ml.  Cn-- average  concentration  of  indicator 

in  nth  stroke 

Then  Q  =  S  iC  1  +  S^C^ .  +  SnCn 

If  the  stroke  volume  is  constant  then 

Q  =  S(Ci  +  C2  .  .  . .  +  Cn) 

S  =  _ _ _Q _ _ _  (1) 

Ci  +  C2 . +  Cn 

The  EDV  may  be  calculated  from  the  first  ejection. 

EDV  =  Q/Ci  (if  the  indicator  is  completely  expelled  in  the  1st  stroke) 
If  it  is  assumed  that  EDV,  ESV,  and  SV  are  constant  during  the  few 
beats  of  the  determination,  then  let: 

Cn-  1  (EDY)  =  amount  of  indicator  in  the  chamber  at  end  of  diastole 

Cn~  1  (ESV)  =  amount  of  indicator  in  the  chamber  at  end  of 

corresponding  systole 

Cn  (EDV)  =  amount  of  indicator  in  chamber  at  end  of  next  diastole 
Cn  (EDV)  =  Cn_  1  (ESV) 

Cn/Cn-1  =  ESV/EDV  =  RE  where  RF  is  residual  fraction 


Equal  the  average  of  concentration  ratio. 

C2/Ci  -  C3/C2  - - - - Cn/Cn-1 
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EDV  -  ESV  =  S  Y  If  this  equation  is  divided  by  EDV,  then 

EDV  -  ESY  a  SV  or  EDV  =  S  V/l  -  (ESV /EDV)  = 

EDV  EDV 

SV  / ( 1  -RF) . (2) 


RF  =  C2/C1  +  C^/Cz  =  .  ..  . . Cn/Cn-1 

n  -  I 

The  indicator  concentrations  C]_,  C2 .  are  determined 

from  the  aorta  or  the  pulmonary  artery  just  outside  of  the  valves. 

It  is  not  assumed  that  the  indicator  is  completely  mixed  with  the 
blood  in  the  ventricle  at  the  end  of  any  diastole.  It  is  only  assumed 
that  the  average  concentration  ratio  RF  obtained  from  the  aortic 
blood  is  equal  to  the  similar  ratio  in  the  ventricle.  The  stroke 
volume  may  be  determined  either  from  equation  (1)  or  from  the 
Ste wart-Hamilton  method.  This  method  assumes  that  mixing  is  com¬ 
plete,  however  it  seems  unlikely  that  this  is  true. 

Holt,  et  al.  ,  ^  ^  stated  that,  since  the  result  does 
not  depend  on  any  single  determination,  complete  mixing  is  not 
required  in  this  method.  However,  Shephed  felt  that  any  conclusion 
regarding  this  problem  is  premature.  Further  study  perhaps  will 
enlighten  this  problem. 

The  second  problem  is  aortic  mixing.  The  evidence 

6  2 

presented  by  Sv/an  "  showed  that  the  root  of  the  aorta  acted  as  a 
second  mixing  chamber  in  which  some  of  the  blood  in  the  ascending 
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aorta  mixed  with  ejected  stroke.  Freis,  et  al.  ,  studied  this 
problem  and  showed  that  radiopaque  material  injected  into  the 
aortic  root  during  diastole  is  not  completely  cleared  from  that  area 
for  several  beats. 

A  constant  infusion  technique  was  first  used  by 
6  3 

Stewart  in  1897  for  calculation  of  cardiac  output.  In  his  early 

experiment,  he  used  a  variety  of  indicators  such  as  glucose, 

saline  and  different  dyes.  He  determined  the  concentration  of 

saline  by  measuring  the  change  of  electrical  conductivity  of  the 

arterial  blood.  By  using  this  method,  he  was  able  to  tell  when  the 

saline  concentration  in  the  peripheral  arterial  blood  reached  a 

plateau.  Then  he  would  determine  the  concentration  of  saline  in 

arterial  blood  during  the  period  of  plateau.  By  applying  Fick's 

formula,  he  was  able  to  calculate  the  cardiac  output.  Although  the 

single  injection  technique  is  now  used  widely  in  most  laboratories, 

Stewart's  technique  of  constant  infusion  has  received  very  little 

emphasis.  It  reappeared  only  a  few  times  in  the  literature  over 

the  past  20  year  s  andusedmainly  for  measurement  of  cardiac  output. 

6)  4 

In  1964,  Shephed  first  used  the  constant  infusion  technique  to 
measure  left  ventricular  volume  in  dogs.  By  using  this  method, 
the  problem  of  incomplete  mixing  is  theoretically  eliminated.  The 


method  and  theoretical  bases  is  as  follows. 
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If  the  indicator  is  infused  at  a  constant  rate  into  a 
ventricle,  it  is  to  be  expected  that  the  indicator  concentration 
measured  at  the  root  of  the  efferent  vessel  will  rise  in  a  stepwise 
fashion  with  each  beat  to  reach  a  plateau  at  a  maximum  concentra¬ 
tion  (Cmax)  whichin  accordance  with  the  principles  of  flow  measure¬ 
ment  by  constant  infusion,  should  approximate  the  ratio  of  the  rate 
of  indicator  infusion  to  the  rate  of  blood  flow.  The  latter  is  equiva¬ 
lent  to  the  ratio  of  the  amount  of  dye  infused  per  cardiac  cycle  to 
the  stroke  volume.  Until  Cmax  is  approached,  more  indicator 
enters  the  ventricle  with  each  beat  than  leaves  it.  Near  Cmax 
there  is  an  equilibrium  as  a  uniform  distribution  of  indicator 
between  points  of  injection  and  sampling  is  approached,  and  as -the 
amount  of  indicator  leaving  approaches  equality  with  the  amount 
being  infused.  The  rate  of  rise  of  concentration  of  the  indicator 
with  each  beat  towards  Cmax  depends  at  least  in  part  on  the  ratio 
of  SV  to  EDY.  If  the  indicator  were  uniformly  distributed  over 
EDV  so  that  effectively  the  amount  present  divided  by  EDY  would 
equal  the  concentration  of  indicator  in  the  next  stroke  volume,  then 
the  rate  of  rise  of  concentration,  assuming  of  course  a  steady  state 
condition,  would  depend  entirely  on  this  ratio;  and 

EDY  =  SV  . . (1) 

Cn~  Cn j 

Cmax  -  Cn_  i 


' 


. 
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where  Cn  =  any  reference  concentration  at  outflow  as  concentration 
rises  with  each  beat  and  Cmax  =  maximal  concentration. 


A  second  approach  to  the  determination  of  volume  is 


permitted  by  constant  infusion,  i.  e.  :  to  estimate  the  amount  of 
indicator  present  in  the  ventricle  at  equilibrium;  because  the 
amount  of  indicator  present  in  end- systolic  divided  by  Cmax  equals 
ESV.  A  larger  or  smaller  ESV,  for  the  same  conditions  of  flow, 
will  simply  hold  more  or  less  indicator  at  the  same  Cmax.  Since 
the  calculation  can  be  based  simply  on  the  amount  of  indicator 
entering  the  ventricle  during  each  cycle,  less  the  amount  leaving 
the  ventricle  in  each  systole  from  the  onset  of  the  infusion  to 
Cmax,  we  have: 


n 


where  the  expression  in  brackets  is  represented  by  the  shaded  area 
in  Figure  B.  The  nature  of  mixing  within  the  entire  ventricle  is  not 
critical  in  this  case.  The  only  assumptions,  apart  from  constancy 
of  flow  and  volumes  during  the  inscription  of  the  curve,  are  that 
the  untagged  blood  in  ESV  prior  to  the  ons et  of  infus ion  is  completely 
replaced  by  tagged  blood  at  Cmax;  and  that  each  concentration  of 
indicator  sampled  at  the  outlet  is  representative  of  the  average 


concentration  of  indicator  ejected  in  that  systole. 


• 

'  •  •  ,  %  •  J&, 
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equation: 


Cardiac  output  can  be  calculated  from  the  following 


C.  O.  = _  I /min. . . . (3) 

Cmax  {mg.  /L 

I  =  mg.  of  indicator  infused  per  minute 


ECG 


C 


max 


Calculation: 

Inject  indicator  into  a  ventricle  at  a  constant  rate 
of  I  mg.  /min.  Let  the  ventricular  contraction  rate  be  p  beats/ 
minute.  Then  I/p  is  the  constant  rate  of  injection  per  beat.  Let 
q(n)  be  the  quantity  of  indicator  in  the  ventricle  at  the  end  of  dia¬ 
stole  at  the  nth  beat.  Let  this  quantity  be  distributed  uniformly 
over  end- diastolic  volume,  (Y).  The  quantity  of  indicator  ejected 
during  the  next  systole  is  S/V  q(n) ,  where  S  is  stroke  volume, 
q(n)  is  the  difference  between  the  total  input  up  to  the  nth  cycle, 
which  is  nl/p  and  the  total  output  up  to  the  nth  cycle,  which  is 


■ 


i  ' 


. 
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n  -  1 

T" - 1 

s  >  q(i); 

v  i=l 

that  is 

q(n)  -  n  -  S 

P  v 

Similarly  for  the  quantity  present  at  end-diastole  on  the  (n  +  1)  cycle, 

q  (n  +  1)  =■  (ri  +  1)1  -  S 

P  v 

Subtracting  equation  3  from  4 

q  (n  +  1)  -  q(n)  = /\  q  =  l_  -  S  q(n) .  (5) 

P  v 

Let  q  =  C  be  the  concentration  in  the  ventricle  at  end- diastole. 

V 

Then  from  equation  5, 

C  (n  +  1)  -  C(n)  =  A  C  =  _I_  -  S  C(n)  . .  (6) 

pV  V 

Equations  5  and  6  are  difference  equations,  akin  to  differential 

equations.  Since  the  first  term  on  the  right  is  constant  and  since 

the  second  term  or  output  term  can  never  exceed  the  first  term, 

C(n)  grows  to  a  maximum  at  which  output  equals  input  and 

ZS  C  -  O.  This  is  proven  by  the  differentiating  equation  6,  i.  e.  : 

by  taking  the  difference,  C ,  between  a  pair  of  successive 

differences  to  get  Zi ' C=  ~S  ZbC ,  which  indicates  that  AC  decreases 

V 

with  n  as  C(n)  increases.  Therefore,  set  ZbC  =  O  to  find 


. 


' 


t) 
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C 


max 


Where  C 


max 


(7) 


pV  V 


pS 


Since  pS  is  cardiac  output  (CO),  equation  7  is  the  familiar  equation. 


C 


max 


=  I 


CO 


.  (7a) 


Substituting  equation  7  into  equation  6, 

Ac  -  S  /cmax  -  C(nj?  ' .  (8) 

V 


which  when  solved  for  V  is  equivalent  to  equation  1. 

To  estimate  ESV  in  terms  of  the  amount  of  dye  in  the  ventricle  at 

Cmaxi  one  starts  again  with  equation  3.  Since  it  has  been  shown 

that  I_  =  SCmax>  and  since  q(l)  has  been  defined  as  C(i),  then 
P  v 


—  .  — 

q{n)  =  S  /  n  Cj^iax  -  al  \  ^ ( f)_/  •••••••>••  (3a) 

i=  1 


which  is  the  quantity  of  indicator  present  at  end- diastole.  Sum  the 
output  due  to  the  next  ejection  to  get  the  quantity  present  at  end- 


n 


systole,  which  is 


q  (n)  -  S _/  n  Cmax  -  /  ,  C  {i)J 

i.=  T 


(3b) 


When  C(n)  =  Cmax,  qs  (n)  will  have  reached  its  maximum,  qmax 


for  ESY,  because  output  =  input  and  q  =  O.  Then 


qrnax  -  ESV 


—  _  - 
L  n  ^max  "  /  ,  ^IL 

^rnax  l= 


(2) 


■ 
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.  Myocardial  Tension  -  From  Laplace  Law:  it  states 
that,  if  there  is  a  curved  "membrane"  (i.  e.  :  a  partition  separating 
two.  spaces)  and  the  membrane  has  a  tension  in  it  of  T  dynes  per 
cm.  ,  then  there  will  be  a  difference  of  pressure  of  P  dynes  per 
cm  between  the  two  sides  of  the  membrane,  given  by  the  law: 

P  =  T  (_1  +  1  )  where  R  ]_  and  are  the  principal  radii  of  curva- 

R 1  R2 

ture  of  the  membrane  at  any  point. 

If  the  left  ventricle  is  treated  as  a  sphere  in  shape, 


then 


R  1  -  R2 

T  =  PR 


V  =  4  7/  R 
3 


1  *  X 

R  =  3/  4  Tf 


Where  V  =  ventricular 
v  olume 


1.  Circumferential  Systolic  Myocardial  Tension  Time  Index 
(S.  M.  T.  T.  I.  ) 


S.M.T.  T.I.  =  P?/r  =  Psm7/(  /EDV  -  1/2  SV  )  x  sep  x  H.R. 

3/  2 


where  Psm  -  systolic  mean  pressure 

sep  -  systolic  ejection  period/beat 
EDV  -  end-diastolic  volume 
S.  V.  -  stroke  volume 


H.  R.  -  heart  rate 


' 
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2.  Circumferential  Diastolic  Myocardial  Tension  Time  Index 

(D.  M.  T.  T.  I.  ) 

D.  M.  T.  T.  I.  =  EDP7T(  /ESV  +  1/2  SV~  )2x  DFP  x  H.  R. 

_3 /  ~  2 

where  EDP  -  end- diastolic  pressure 
ESV  -  end- systolic  volume 
DFP  -  diastolic  filling  period 

3.  Total  Myocardial  Tension  Time  Index  or  Internal  Work  Index 

(T  TT  T  T  \  f 

1.  VV  .  1) 

Systolic  I.  W.  I.  =  Psm  x  (EDV  -  1/2  SV)  x  sep  x  H.  R. 
Diastolic  I.  W.  I.  =  LVEDP  x  (ESV  +  1/2  SV)  x  DFP  x  H.  R. 

Left  Ventricular  External  Myocardial  Work  ( Wlv)  - 
in  Kg.  M.  is  calculated  as  follows: 

Wlv  =  C.  O.  x  (Psm  -  Ped)  x  1.  36/100 

where  C.  O.  is  cardiac  oiitput  in  liters,  per  minute.  Ped  is  left 
ventricular  end- diastolic  pressure  in  mm  Hg.  Psm  is  mean  left 
ventricular  pressure  during  systole. 

Mean  Circumferential  Fiber  Shortening  Rate 

(M.  C.  S.  R.  )  - 

M.  C.  S.  R.  =  2 7f  (Red-Res ) 

sep 

where  Red  is  left  ventricular  end- diastolic  radius  and  Res  is  left 
ventricular  end-systolic  radius. 


' 
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Myocardial  Oxygen  Consumption  M VO^: 

Left  ventricular  oxygen  consumption  (MV02)  in  ml.  per  100  gm. 
myocardium  per  minute  is  estimated  as  the  product  of  the  coronary 
arterial  venous  oxygen  content  difference  and  coronary  blood  flow. 


MVOZ  =  (A-V)  Oz  x  C.  F. 


Left  Ventricular  Pressure  Time  Per  Beat  (PTB): 

Left  ventricular  pressure  time  per  beat  (PTB)  in  mm.  Hg.  second 
is  the  product  of  mean  left  ventricular  pressure,  during  systole 
(Psm)  and  systolic  ejection  period  (sep). 


PTB  =  Psm  x  sep 


PTB  equals  the  area  under  the  ejection  portion  of  the  ventricular 
pressure  pulse. 

Pressure  Time  Per  Minute  (PTM): 

PTM  =  PTB  x  H.  R.  (heart  rate) 

Mean  S y s t olic  E jection  Rate  (SER): 


9 

SER  =  S.  I.  (stroke  index)  ml.  / beat/M 


or  _SV_ 
sep 


sep.  second/beat 


External  Myocardial  Efficiency: 


Eff.  =  Wlv/MVOZ  x  2.  0  6 


Eff.  =  Total  myocardial  tension/MV02 

29 

Internal  Myocardial  Efficiency  Index  (Sarnoff  ): 


Eff.  I.  =  T.  T.  I.  /MV02 


' 

*» 
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End- Diastolic  Volume  (EDV) : 

EDY  = _ S.  V. 

Cn ~  Cn- 1 
Cmax  ~  Cn-  1 

End-Systolic  V olume  (ES V) 

n 

ESV  =  SV  /~n  Crnax  -  C(i )J  or 

Emax  ^ 

where  S.  V.  -  stroke  volume 
Contractile  Element  Work  Index: 

C.  E.  work  index  =  H.  R.  x  (Psm)  x  /_S. 
where  V  =  mean  left  ventricular  volume 


ESV  =  EDV  - 
SV 


V.  +  (V/9.  6 )J 


:  jh 


' 


- 


RESULTS 


The  general  data  and  the  results  of  hemodynamic 
effects  after  nitroglycerin  in  9  patients  with  known  coronary  heart 
disease  are  summarized  in  table  III  &TV.  Measurements  were 
made  in  the  basal  condition  (control)  and  in  4  separate  periods  at 
2  minute  intervals  after  nitroglycerin  is  completely  dissolved 
under  the  tongue.  Values  are  presented  as  mean,  standard  error, 
and  percentage  changes  from  the  basal  condition. 

Arterial  Pressure: 

The  changes  of  arterial  pressures  started  immediate¬ 
ly  after  the  nitroglycerin  was  dissolved.  The  mean  arterial  pressure 
was  102  mmHg  in  control,  and  fell  to  80  mmHg  in  5  to  6  minutes 
following  nitroglycerin.  This  represents  a  drop  of  20%.  The  mean 
systolic  arterial  pressure  decreased  from  the  control  value  of  119 
mmHg  to  91  mmHg  in  5  to  6  minutes,  a  decrease  of  28%  from  con¬ 
trol  value. 

Cardiac  Output,  Stroke  Volume,  Heart  Rate,  and  S.  E.  P.  : 

The  mean  control  cardiac  output  before  nitroglycerin 
was  4.  77  L/min.  Following  nitroglycerin,  cardiac  output  was 
reduced  to  3.  44  L/min.  in  5  to  6  minutes,  a  change  of  27%.  (table  IVa) 
Stroke  volume  was 
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also  reduced  from  69  ml  to  42  ml  in  5  to  6  minutes.  The  heart  rate 
was  increased  from  an  average  of  70/min.  to  85/m.in.  in  3  to  4 
minutes.  The  systolic  ejection  period  per  beat  fell  by  16%  of  the 
control  value,  but  the  systolic  ejection  period  per  minute  (SEP)  did 
change  significantly  due  to  an  increase  in  heart  rate. 

LYEDV  and  LVEDP: 

The  LVEDP  before  nitroglycerin  was  abnormally 
increased.  LVEDP  fell  from  17  mmllg.  to  6.  8  mmHg  in  7  to  8 
minutes  and  LVEDV  decreased  from  238  ml  to  178  ml  in  5  to  6 
minutes  after  nitroglycerin. 

Le ft  Ventricular  External  W o r kj_ 

The  calculated  left  ventricular  external  work  was 
6.4  Kg-M/min.  before  and  3.  84  Kg-M/min.  7  to  8  minutes  after 
nitroglycerin.  This  represents  a  fall  of  38%.  Since  the  peripheral 
vascular  resistance  changed  insignificantly,  a  significant  fall  in 
cardiac  output  after  nitroglycerin  indicates  that  the  latter  plays  an 
important  role  in  reducing  the  left  ventricular  external  work  after 


administration  of  this  drug.  (Figure  I) 
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FIGURE  I 

Hemodynamic  changes  after  nitroglycerin  in  9  subjects  with  known 
coronary  heart  disease.  Values  represent  meanfS.  E.  . 


. 


.  , 


. 


/ 


■ 


' 


' 


51 


FIGURE  II 

Changes  of  myocardial  tension  after  nitroglycerin  in  9  subjects 
with  coronary  heart  disease.  Values  represent  mean+S.  E. 
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FIGURE  III 

Percentage  changes  of  circumferential  myocardial  tension  time 
index  after  nitroglycerin  in  9  subjects  with  know  coronary  heart 
disease.  Values  represent  mean+S.  E. 
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FIGURE  IV 

Percentage  changes  of  internal  work  index  after  nitroglycerin  in 
9  subjects  with  coronary  heart  disease.  Values  represent  mean  +S.  E. 
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Myocardial  Tension  Indexes : 

The  systolic  circumfe rential  myocardial  tension 
index  was  85.  5  before  and  fell  to  57.  5  in  5  to  6  minutes  after  nitro¬ 
glycerin.  Since  the  SEP  was  unchanged,  the  reduction  of  systolic 
circumferential  tension  was  due  entirely  to  the  changes  in  mean 
systolic  pressure  and  left  ventricular  end- diastolic  volume.  The 
diastolic  circumferential  myocardial  tension  index  was  22  before 
and  8  in  5  to  6  minutes  after  nitroglycerin,  representing  a  reduc¬ 
tion  of  64%.  This  change  is  the  result  of  a  reduction  in  both  LYEDP 
and  LVEDV. 

The  systolic  internal  work  index  was  5  34  before  and 
318  after  nitroglycerin,  a  reduction  of  40%  in  5  to  6  minutes.  At 
diastole,  it  fell  from  133  to  50,  a  reduction  of  69%.  (Fig-  II  -  IV). 

Mean  Circumferential  Fiber  Shortening  Rate  (MCSR): 

The  results  of  the  velocity  of  myocardial  fiber 
length  shortening  are  shown  in  table  I.  The  values  are  represent¬ 
ed  as  mean  +  SE.  The  MCSR  ranged  from  7.  06  to  11.  71  cm/sec 
with  an  average  of  8.  48  cm/sec  before  and  was  reduced  to  6.  86 
cm/sec  in  1  to  2  minutes  after  nitroglycerin.  This  change  appeared 
immediately  after  the  administration  of  nitroglycerin  and  lasted 
only  5  to  6  minutes.  The  changes  at  the  7  to  8  minute  interval,  as 


■ 
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FIGURE  V 

Changes  of  myocardial  fiber  shortening  rate  after  nitroglycerin  in 
9  subjects  with  coronary  heart  disease.  Values  represent  mean 
±  S.  E. 
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compared  with  the  control  values,  are  not  statistically  significant. 
(Fig.  V). 


TABLE  I 

Mean  Circumferential  Fiber  Shortening  Rate  (cm/sec) 


Control 

After  Nitroglycerin 

1-2  min 

3-4  min  5-6  min. 

7-8  min 

8.  48+0.  48 

4  6.  86  +  0.  45  ** 

6.  94+0.  43**  7.  09+0.  41** 

7.  2  8+0.  49* 

MCSR  in  9  subjects  with  coronary  heart  disease.  Values  represent 
mean+SE.  4  based  on  8  observations  only. 

**P<  0.  05 
*P>  0.  05 


Left  ventricular  dimensions: 

TABLE  II 

Effect  of  nitroglycerin  in  left  ventricular  dimensions 
in  9  subjects  with  coronary  heart  disease 


Control 

1-2  min 

3-4  min 

5-6  min 

7-8  min 

L 

V  E  D 
( cm) 

R 

3.  34 

3.  78 

.3.  63 

3.  49 

3.  53 

L 

V  E  S 
(cm) 

R 

3.  43 

3.  48 

3.  37 

3.  19 

3.  22 

Abbreviations:  L  V  E  D  R  =  left  ventricular  radius  at  end-diastole 

L  V  E  S  R  =  left  ventricular  radius  at  end-systole 
Values  represent  mean  only 
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The  effects  of  nitroglycerin  in  left  ventricular 
dimensions  are  tabulated  in  table  II.  The  left  ventricular  end- 
diastolic  and  end- systolic  diameters  were  calculated  assuming  the 
left  ventricle  to  be  a  sphere.  The  LV  end-diastolic  and  end- systolic 
diameters  were  7.  7  and  6.  9  before  nitroglycerin  and  reduced  to 
7  cm  and  6.  4  cm  respectively  after  nitroglycerin.  The  reduction 
in  left  ventricular  dimension  of  9%  in  diastole  and  7%  in  systole  at 
the  5  to  6  minute  interval  after  nitroglycerin  is  in  agreement  with 
the  study  carried  out  by  William,  et  al.  ,  ^  with  cineradiograph- 


ic  technique. 
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TABLE  III 

General  data  of  9  patients  with  coronary  heart  disease 
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DISCUSSION 


Validity  of  methods: 

The  validity  of  the  dye  dilution  method  for  measure¬ 
ment  of  ventricular  volume  has  been  questioned.  ^1  The  major  criti¬ 
cism  is  that  mixing  of  blood  in  the  ventricle  is  inadequate  resulting 
in  error  in  volume  calculation.  However,  Holt,  et  al.  ,  stated  that, 
since  the  result  does  not  depend  on  any  single  determination, 
complete  mixing  is  not  required  in  this  method.  61 

The  second  problem  is  aortic  mixing.  The  evidence 

/  O 

presented  by  SwanDl°  showed  that  the  root  of  aorta  acted  as  a  second 
mixing  chamber  in  which  some  of  the  blood  in  the  ascending  aorta 
mixed  with  the  ejected  stroke.  In  1964,  Shephed  first  used  the 
constant  infusion  technique  to  measure  left  ventricular  volume  in 
dogs.  64  By  using  this  method,  theoretically  it  will  eliminate  the 
problem  of  incomplete  mixing.  Petrie  et  al.  ,  recently  studied  the 
accuracy  of  the  constant-infusion  dye  dilution  method  in  the  measure¬ 
ment  of  ventricular  volume.  In  their  experiments,  it  has  been 
shown  that  volumes  measured  by  the  constant-infusion  technique  were 
15-20%  overestimated  when  the  sampling  were  made  in  the  ascend¬ 
ing  aorta.  ^8  However,  the  magnitude  of  the  error  was  found  to  be 
similar  with  different  ventricular  volumes.  Therefore,  such  an 
absolute  error  should  not  alter  the  significance  of  this  study. 
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To  test  the  differences  between  the  single  bolus 
injection  and  the  constant  infusion  method  as  well  as  the  sites  of 
injection,  a  series  of  nine  measurements  of  cardiac  output  were 
made  during  this  study.  In  each  case,  the  single  bolus  injection  as 
well  as  the  constant- infusion  method  were  employed.  A  single 
bolus  was  injected  into  the  pulmonary  artery  whereas  the  constant 
infusion  was  made  into  the  left  ventricle.  Blood  samples  were 
collected  from  the  root  of  the  aorta  in  both  methods.  The  results 
are  illustrated  in  figure  VI  and  are  not  significantly  different.  This 
indicates  that  the  cardiac  output  and  stroke  volume  estimated  by 
the  constant  infusion  technique  are  comparatively  accurate. 
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Graph  plotting  a  comparison  between 
cardiac  output  determined  by  the  single 
bolus  technique  and  cardiac  output  deter¬ 
mined  by  the  constant  infusion  technique. 
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Hemodynamic  effects  of  nitroglycerin: 

The  hemodynamic  effects  of  nitroglycerin  in  subjects 
with  coronary  heart  disease  have  been  studied  extensively.  It  has 
been  shown  that  nitroglycerin  causes  a  reduction  in  blood  pressure, 


left  ventricular 


11,  13,  60 


It  increases  heart  rate 


but  decreases  the  systolic  ejection 
.  15>  60  _ l4_ 
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period , 


and  reduces  the  cardiac  output. 


The  results  of 


this  study  are  in  agreement  with  the  above  findings.  The  major 
effects  of  nitroglycerin  are  reduction  in  cardiac  output  and  arterial 
pressure  as soc.iated  with  slightly  increased  heart  rate.  The  reduc¬ 
tion  of  arterial  pressure  is  more  in  systole  than  during  diastole. 

The  mechanism  of  reduction  in  cardiac  output  and  arterial  pressure 
seems  to  be  related  to  the  decrease  in  the  left  ventricular  end- 
diastolic  pressure  which  is  probably  due  to  decreased  venous 
return  resulting  from  pooling  of  blood  within  the  venous  system. 
Associated  with  this  reduction  in  the  left  ventricular  end- diastolic 
pressure,  the  stroke  volume  falls  markedly.  Even  though  a 
compensatory  increase  occurs  in  cardiac  rate,  the  cardiac  output 
is  decreased.  The  elevated  basal  left  ventricular  end-diastolic 


pressure  obtained  indicated  that  the 
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subjects  studied  had  significant  myocardial  disease.  However, 
only  one  of  the  nine  subjects  was  in  clinical  overt  heart  failure. 
The  striking  reduction  in  LVEDY  and  LVEDP  after  nitroglycerin, 
together  with  the  decrease  in  arterial  pressure,  are  responsible 
for  the  reduction  of  myocardial  tension  time  index  or  internal 
work  index.  The  significance  of  MVO^  during  diastole  has  not 
been  previously  discussed.  At  end- diastole ,  the  left  ventricle 
assumes  the  largest  diameter;  any  change  in  LVEDV  and  LVEDP 
would  cause  a  marked  alteration  in  myocardial  oxygen  consump¬ 
tion,  particularly  in  patients  with  significant  myocardial  disease. 
Furthermore,  most  of  the  coronary  blood  flow  takes  place  during 
diastole  and  depends  largely  upon  the  available  time  and  the 
pressure  gradient  between  the  aorta  and  the  ventricular  cavities. 
vSince  the  diastolic  filling  period  per  minute  is  unchanged  after 
nitroglycerin,  a  reduction  in  left  ventricular  end-diastolic  pres¬ 
sure  and  diastolic  myocardial  tension  is  expected  to  maintain  an 
adequate  coronary  blood  flow  in  spite  of  the  lowered  aortic 
pressure  during  diastole. 

The  assumption  of  a  spherical  left  ventricle  with 
varying  ventricular  volume  undoubtedly  involves  some  error.  A 
spherical  model,  in  contrast  to  an  ellipsoidal  one,  underestimates 


total  wall  tension. 


This  problem  has  been  investigated  by  means 


■ 


*'■ 


1 


' 

■ 


■ 


■ 


67 


of  cineangiocardiography  in  dogs  in  which  ventricular  volumes 

were  varied  by  blood  infusion.  With  the  largest  left  ventricular 

major /minor  semiaxis  ratio  change,  the  error  in  the  estimation 

of  tension  using  a  spherical  model  was  found  to  be  approximately 

5%.  Thus,  even  by  including  this  error,  the  change  in  myocardial 

6  7 

tension  in  this  study  still  remains  significant. 

The  demonstration  of  tension  development  as  an 

important  determinant  of  MVOg  has  been  verified  repeatedly. 

27,  28,  29,  39 

It  nas  long  been  considered  that  the  contractile 
effort  of  muscle  may  be  manifested  either  as  fiber  shortening  or 
as  force  generation  brought  about  by  the  stretching  of  a  series 

69 


elastic  component. 


The  work  done  in  stretching  the  series 


elastic  component  is  internal  work  and  work  performed  by  the 

contractile  element  in  shortening  of  the  muscle  fiber  is  external 

work.  Since  the  energy  requirement  of  the  myocardium  must  be 

governed  by  the  contractile  element  itself,  the  demonstration  of 

24,  25  ,  26 , 

a  poor  correlation  between  external  work  and  MVO^ 

29 

suggest  that  the  internal  work  or  total  myocardial  tension 
development  plays  an  important  role  in  determining  MVO^.  The 
marked  reduction  in  internal  work  index  following  nitroglycerin 
obtained  in  this  study  indicates  that  a  substantial  reduction  in 
myocardial  oxygen  requirements  must  occur  due  to  nitroglycerin. 
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Another  determinant  of  MVO^  is  circumferential 

33 

fiber  shortening  rate  (CSR).  With  a  given  Vmax,  the  velocity 

of  fiber  length  shortening  depends  on  the  initial  fiber  length 
(LYEDV)  ,  preload  (LVEDP)  and  afterload  (peripheral  vas  cular 
resistance).  A  reduction  in  initial  muscle  fiber  length  brought 
about  by  the  reduction  of  LVEDY,  without  a  change  in  Vmax, 
would  reduce  the  velocity  of  muscle  fiber  shortening.  On  the  other 
hand,  with  a  given  initial  fiber  length  (LYEDV) ,  a  reduction  in 
afterload  would  increase  the  velocity  of  muscle  fiber  shortening. 

A.  significant  reduction  in  the  mean  circumferential 
fiber  shortening  rate  following  nitroglycerin  suggests  that  the 
reduction  in  LVEDV  and  LVEDP  overshadows  the  effect  of  reduc¬ 
tion  in  peripheral  vascular  resistance,  provided  Vmax  is 
unchanged. 

The  effect  of  nitroglycerin  on  Vmax  of  the  myo¬ 
cardium  has  not  been  studied.  However,  it  has  been  shown  that 
organic  nitrites  and  nitrates  inhibit  ATPase  activity  in  arterial 

smooth  muscle  and  it  was  suggested  that  this  may  be  related  to 

48 

the  vasodilator  action  of  nitroglycerin.  It  is  possible  that 

the  ATPase  of  the  myocardium  is  also  inactivated,  hence  the 

Vmax  is  decreased.  The  demonstration  of  a  reduction  in  systolic 

65 


ejection  period  per  beat  is  in  accord  with  other  studies. 
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The  interesting  finding  is  that  the  total  ejection  period  per  minute 
is  unchanged  indicating  that  MVOg  is  not  affected  by  the  increase  of 
heart  rate. 

The  effects  of  nitroglycerin  on  coronary  blood  flow 
and  myocardial  blood  flow  have  been  studied  previously  in  both 
normal  and  subjects  with  coronary  heart  disease.  In  the  latter,  the 
coronary  blood  flow  is  not  increased  under  the  influence  of  nitro¬ 
glycerin.  It  is  conceivable  that  there  may  be  a  redistribution  of 
blood  with  more  blood  going  to  the  nutritional  vessels  permitting 
better  tissue  oxygenation  in  the  ischemic  area  of  the  myocardium. 
However,  to  date,  this  hypothesis  has  not  been  substantiated  in 
subjects  with  coronary  heart  disease. 

In  Conclusion: 

1.  )  Asa  result  of  nitroglycerin  administration  a  significant  reduc¬ 

tion  in  myocardial  tension  during  both  systole  and  diastole  was 
observed.  The  beneficial  effect  of  reduced  diastolic  myocardial 
tension  not  only  reduces  the  MVOg  but  may  also  help  to  maintain 
an  adequate  coronary  blood  flow. 

2.  )  The  mean  circumferential  fiber  length  shortening  rate,  another 

determinant  of  MVOg,  is  found  to  be  significantly  reduced 


following  nitroglycerin. 


' 


■ 

■  .  ■ 


. 


70 


3.  )  The  concept  that  nitroglycerin  relieves  angina  pectoris  due  to 
the  reduction  in  myocardial  oxygen  requirements  related  to 
the  reduction  in  cardiac  work  and  myocardial  fiber  shortening 
rate  is  supported  by  these  findings. 
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end-diastolic  pressure,  sep  -  systolic  ejection  period/beat,  WIV  -  left  ventricular 
external  work,  MCSR  -  mean  circumferential  fiber  shortening  rate. 
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end- diastolic  pressure,  sep  -  systolic  ejection  period/beat,  WIV  -  left  ventricular 
external  work,  MCSR  -  mean  circumferential  Tiber  shortening  rate. 
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NITROGLYCERIN  STUDY 


CASE  NO:  1  NAME:  D.  M.  HOSP.  NO:  285839  CATH  NO:  67/68 


Circumferential  MTTI 
mmHg  cm^  sec/ min  /  1  0  0  0 

IWI 

mmHg  cm^sec/ min/  1000 

S 

D 

S 

D 

PRE-NGL 

82.  0 

18.  2 

488 

109 

POST  -NGI 

1-2  min 

l 

74.  4 

16.  6 

444 

93 

3-4  min 

67.  0 

12.  3 

337 

62 

5-6  min 

64.  6 

8.  1 

3  51 

44 

7-8  min 

56.  4 

3.  7 

278 

30 

Abbreviations:  MTTI  -  myocardial  tension  time  index 

IWI  -  internal  work  index 
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NITROGLYCERIN  STUDY 


CASE  NO:  2  NAME:  G.  3.  HOSP.  NO:  257766  CATH  NO:  65/68 


Circumferential  MTTI 
mmHg  cm?- s  e  c  /min / 1 0 0 0 

IWI 

mmHg  cm^s  ec / min/  1000 

S 

D 

S 

D 

PRE-NGL 

104.  8 

16.  4 

573 

90 

POST -NGI 

1-2  min 

l 

47.  3 

3.  6 

218 

17 

3-4  min 

45.  4 

2.  8 

217 

13 

5-6  min 

3  8.  4 

2.  5 

164 

11 

7-8  min 

31.  4 

1.  7 

145 

8 

Abbreviations:  MTTI  -  myocardial  tension  time  index 

IWI  -  internal  work  index 
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NITROGLYCERIN  STUDY 


CASE  NO:  3  NAME:  A.M.  HOSP.  NO:  286874  CATH  NO:  10/68 


Circumferential  MTTI 
mmHg  cm^sec/ min / 1 0 0 0 

IWI 

mmHg  cm^s  ec / min/  1000 

S 

D 

S 

D 

PRE-NGL 

53.  5 

16.  3 

415 

97 

POST  -NGI 

1-2  min 

J 

69.  3 

8.  6 

411 

51 

3-4  min 

53.  4 

4.  6 

298  . 

25 

5-6  min 

42.  0 

3.  5 

221 

18 

7-8  min 

49.  4 

3.  6 

267 

19 

Abbreviations:  MTTI  -  myocardial  tension  time  index 

IVY!  -  internal  work  index 
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NITROGLYCERIN  STUDY 


CASE  NO:  4  NAME:  E.  M.  HOSP.  NO :  286680  OATH  NO :  5/68 


Circumferential  MTTI 
mmH g  cm ^sec/ min / 1 0 0 0 

IWI 

mmHg  cm^s  ec  / min/  1000 

S 

D 

S 

D 

PRE-NGL 

136.  8 

29.  9 

947 

171 

POST -NGI 

J 

1-2  min 

96.  1 

9.  5 

620 

61 

3-4  min 

96.  7 

10.  6 

633 

69 

5-6  min 

86.  4 

9.  2 

543 

58 

7-8  min 

91.  7 

■ 

i 

1 

• 

o 

1— I 

590 

67 

Abbreviations:  MTTI  -  myocardial  tension  time  index 

IWT  -  internal  work  index 
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NITROGLYCERIN  STUDY 


CASE  NO:  5  NAME:  L.  D.  HOSP.  NO:  223412  CATH  NO:  50/68 


Circumferential  MTTI 
mmHg  cm^sec/min/1000 

IWI 

mmHg  cm^s ec / min/  1000 

S 

D 

S 

D 

PRE-NGL 

67.  9 

34.  7 

371 

189 

POST -NGI 

j 

1-2  min 

3-4  min 

58.  1 

17.  0 

318 

93 

5-6  min 

50.  4 

15.  5 

265 

81 

7-8  min 

46.  2 

12.  5 

222 

60 

Abbreviations:  MTTI  -  myocardial  tension  time  index 

TWT  -  internal  work  index 
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NITROGLYCERIN  STUDY 


CASE  NO:  6  NAME:  W.  M.  HOSP.  NO:  287685  OATH  NO:  47/68 


Circumferential  MTTI 
mmITg  cm^s ec/min/  1000 

IWI 

mmHg  cm^s ec / min/  1000 

S 

D 

S 

D 

PRE-NGL 

74.  0 

13.  9 

464 

87 

POST  -NGI 

J 

1-2  min 

68.  1 

co  ; 

l>  1 

341 

39 

3-4  min 

48.  2 

4.  7 

244 

24 

5-6  min 

45.  5 

! 

CO 

Y 

233 

26 

7-8  min 

64 

6.  2 

3  57. 

35 

Abbreviations:  MTTI  -  myocardial  tension  time  index 

IWT  -  internal  work  index 


' 


. 


' 


V 


■ 


86 


NITROGLYCERIN  STUDY 


CASE  NO:  7  NAME:  J.  B.  HOSP.  NO:  186127  CATH  NO: 

383/67 


Circumferential  MTTI 
mmHg  cm^s ec/min/ 1 000 

IWI 

mmHg  cm ^s  ec  / min/  1000 

S 

D 

S 

D 

PRE-NGL 

83.  2 

12.  4 

509 

76 

POST -NGI 

J 

1-2  min 

86.  1 

6.  6 

483 

37 

3-4  min 

60.  9 

3.  1 

340 

•  17 

5-6  min 

57.  9 

3.  2 

2  95 

16 

7-8  min 

51.  8 

3.  2 

2  57 

.  .   

16 

Abbreviations:  MTTI  -  myocardial  tension  time  index 

IWI  -  internal  work  index 
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NITROGLYCERIN  STUDY 


CASE  NO:  8  NAME:  L.  M.  HOSP.  NO:  263470  CATHNO: 

390/67 


Circumferential  MTTI 
mmHg  cm.2  sec/ min  / 1 0  0  0 

IWI 

mmHg  cm \ ec / min/  1000 

S 

D 

S 

D 

PRE-NGL 

7  5.  0 

11.  5 

400 

63 

i 

POST  -NGI 

1-2  min 

J 

68.  7 

i 

! 

o 

. 

377 

22 

3-4  min 

58.  9 

3.  6 

301 

19 

5-6  min 

53.  6 

3.  3 

258 

16 

7-8  min 

52.  3 

1 

(\3 

cb 

2  54 

16 

Abbreviations:  MTTI  -  myocardial  tension  time  index 

IWI  -  internal  work  index 
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NITROGLYCERIN  STUDY 


CASE  NO:  9  NAME:  F.  I.  HOSP.  NO:235l67  OATH  NO: 

388/67 


Circumferential  MTTI 
mmHg  cV'sec/ min /  1 0 0 0 

IWI 

mmHg  cm ^s  e c  / min /  1 0 0 0 

S 

D 

S 

D 

PRE-NGL 

92.  7 

46.  2 

638 

318 

POST -NGI 

j 

1-2  min 

121.  4 

39.  2 

868 

280 

3-4  min 

117.  6 

34.  2 

823 

239 

5-6  min 

84.  8 

2  8.  2 

530 

176 

7-8  min 

94.  0 

26.  5 

609 

176 

Abbreviations:  MTTI  -  myocardial  tension  time  index 

IWI  -  internal  work  index 
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